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Introduction.

The extent and nature of the ordering of collagen fibers within a tumor has significant influence on the process
of tumor metastasis: in murine breast tumor models, tumor cells move towards blood vessels along fibers that
are visible via second harmonic generation (SHG), and SHG is exquisitely sensitive to molecular ordering (see
below). Tumor cells that are moving along SHG-producing (i.e. ordered) collagen fibers move significantly
faster than those cells that are moving independently of SHG-producing fibers, and the extent of SHG-
associated tumor cell motility is correlated with metastatic ability of the tumor model. Furthermore, the tumor-
host interface of murine breast tumor models is characterized by radially oriented SHG-producing fibers
associated with tumor cells invading the surrounding tissue. Lastly, we have shown that treatment of tumors
with the hormone relaxin, known to alter metastatic ability, alters the collagen ordering as detectable by SHG.

As locomotion along ordered (SHG-producing) fibers plays a pivotal role in the metastatic process, we
believe that the process of establishing ordered fibers offers an exciting, and currently unexploited, therapeutic
target. To take advantage of this, we must first learn the cellular players and molecular signals by which
collagen ordering is induced. Therefore, in this application we propose to determine the key cells and signals
which influence the ordering of collagen in breast tumors. We will do this by disrupting candidate cells and
signals in mouse models of breast cancer using SHG-based measures of collagen ordering, and metastasis, as
readouts. Additionally, we will determine if SHG measures of collagen ordering in breast tumors are clinically
useful predictors of metastatic outcome in breast cancer patient biopsies.

This work will have great impact for several reasons. It will provide important insight into the molecular
and cellular mechanisms by which the collagen in breast tumors is ordered, and how this ordering affects
metastatic ability. In future work we can then exploit these findings by developing and evaluating clinically
useful therapeutic techniques that will target, for the first time, the ordering of tumor collagen and hence
attempt to inhibit metastatic ability, improving patient survival. This project will also explore whether collagen
ordering in the tumor, as quantified by SHG, is a clinically viable predictor of metastatic outcome in patient
biopsies. A measure of metastatic ability is extremely exciting, because there is currently an identified, pressing
need for patient stratification based upon metastatic risk, in order to minimize ‘over treatment’ of patients who
only require local therapy after resection, not systemic chemotherapy®. This would improve patients’ quality of
life. Hence, this project has promise to be clinically relevant through two separate paths.




Body
The Statement of Work for this grant proposal is as follows:

Statement of Work
Specific Aim 1. Determine the role of macrophages in governing collagen ordering in tumors, and their
mechanism of action. (Months 1-30)
1a) Modulate the presence of macrophages, then evaluate the effects on collagen ordering in tumors, and
the effects on metastatic burden. (Months 1-12) Uses liposome treatment. ~50 mice. Verifies
involvement of macrophages’ in collagen ordering in tumors, the exact nature of their particular impact
on collagen ordering, and the impact on metastasis.
1b) Manipulate the expression of candidate genes in macrophages, and evaluate the effects on collagen
ordering in tumors, and the effects on metastatic burden (Months 13-30) Uses bone marrow transfer
after irradiation. Source animals are one of 7 knockouts, for 7 candidate genes. ~50x7= 350 mice.
Produces identity of key signaling molecules involved in collagen ordering in tumors, the exact nature of
their particular impact on collagen ordering, and the impact on metastasis.
Specific Aim 2. Determine the role of Thl, Th2, and Tregs in governing collagen ordering in tumors, and
their mechanism of action. (Months 31-60)
2a) Modulate the presence of each cell type, then evaluate the effects on collagen ordering in tumors,
and the effects on metastatic burden.(Months 31-42) Uses cell transfer after antibody treatment.
~3x50=150 mice. Produces identity of key cells involved in collagen ordering in tumors, the exact
nature of their particular impact on collagen ordering, and the impact on metastasis.
2b) Manipulate the expression of candidate genes in those cell types found significant in 2a, and
evaluate the effects on collagen ordering in tumors, and the effects on metastatic burden (Months 43-60)
Uses cell transfer after antibody treatment. Source animals are one of 7 knockouts, for 7 candidate
genes. ~3x50x7=1050 mice. Produces identity of key signaling molecules involved in collagen ordering
in tumors, the exact nature of their particular impact on collagen ordering, and the impact on metastasis.
Specific Aim 3. Determine _if collagen ordering is a clinically useful predictor of metastatic ability in
human tissue samples (Months 1-60).
1a) In archival specimens from breast tumors we will evaluate the predictive relationships between
collagen ordering and metastatic outcome (Months 1-60). Uses pathology samples of 4 breast tumor
types to determine if SHG can predict metastatic outcome. ~4x50=200 samples. Produces an
assessment of SHG’s predictive ability.

We have concentrated on developing, proving, and utilizing the molecular tools required to manipulate
macrophage populations in the E0771 tumor model in order to advance the goals of Specific Aim 1, while also
establishing the staining and quantification regimen required to determine an optical “order index” or Ol, which
is required to advance the goals of all three specific aims.

As a result, we have completed a key manuscript, which we have recently submitted for publication,
which essentially completes Aim 1 by determining that tumor associated macrophages are key players in
establishing collagen ordering, that they operate through expression of TNF-a, and that alterations in collagen
ordering via manipulation of macrophages or TNF-a is correlated with metastatic output. 1 will summarize the
key steps of this work, and it is also appended to this document.

In that manuscript we first demonstrate that EO771 breast cancer cells do not produce significant TNF-o
cells in vitro (Figure 1), while RAW264.7, a transformed murine macrophage line, does produce TNF-a., as do
cells separated from EQ771 tumors using magnetic beads loaded with antibodies against CD11b (a surface
marker for cells of myeloid origin and presumably including tumor associated macrophages, or TAMSs). Next
we demonstrate that TNF-a. is present in E0771 tumors grown in C57BI/6 mice, but not mice lacking TNF-a.,
indicating the EQ771 cell line does not alter its TNF-a expression capability in vivo (Figure 2). Next we
determined that EO771 does not respond by proliferating or apoptosing to TNF-a in vitro (Figure 3). This is
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unlike the T47D and MCF-7 cell lines, which as shown in the literature respond to TNF-a by proliferating and
apoptosing, respectively. Next, we showed that proliferation of macrophages in vitro is significantly and
specifically impeded by clodronate liposome (ClodL) therapy relative to control PBSL therapy, but proliferation
of fibroblasts and cancer cells is unaffected (Figure 4).

The remaining results focus on the response of the tumor extracellular matrix to the manipulations of
TAMs and stromal TNF-a which were characterized in the previous paragraph. We grew EO0771 tumors over
the course of three weeks, in wildtype or TNF—a" mice, and in the presence or absence of chronic TAM
depletion vial ClodL therapy. We then sacrificed, sectioned and stained the tumors with fluorescently labeled
anti-collagen antibodies. Next we imaged the sections with second harmonic generation (SHG) a nonlinear light
scattering interaction that is sensitive to overall collagen content at the laser focus, as well as fibril diameter,
spacing, and order versus disorder in fibril packing. As shown in Figure 5, tumors grown in wildtype mice with
no TAM depletion had statistically significantly greater SHG signal than tumors grown in wildtype mice with
TAM depletion, as well as tumors grown in TNF-o mice both with and without TAM depletion. Additionally
tumors grown in wildtype mice with TAM depletion had statistically significantly less SHG signal than tumors
grown in TNF-a” mice without TAM depletion. SHG is sensitive both to structural properties of collagen
(fibril diameter, spacing, order) as well as to simple collagen content, so we also quantified anti-collagen
antibody stain. As shown in Figure 6, tumors grown in wildtype mice with no TAM depletion had statistically
significantly lesser fluorescence signal than tumors grown in wildtype mice with TAM depletion, as well as
tumors grown in TNF-o” mice both with and without TAM depletion. Furthermore, tumors grown in TNF-o.”"
mice with no TAM depletion had statistically less staining than tumors grown in TNF-o” mice with TAM
depletion. Finally, in order to minimize the effects of simple changes in collagen content on our readouts, we
defined the Order Index, or OI, which is simply the ration of SHG to antibody stain, and is a parameter
primarily sensitive to changes in structural properties of collagen (fibril diameter, spacing, order) and relatively
insensitive to simple changes in collagen content. As shown in Figure 7, tumors grown in wildtype mice with no
TAM depletion had statistically significantly greater Ol than tumors grown in wildtype mice with TAM
depletion, as well as tumors grown in TNF-a” mice both with and without TAM depletion. No other cohort
was different from another.

We also investigated the metastatic output to the lungs after each of these manipulations, and as shown
in Figure 8, tumors grown in wildtype mice with no TAM depletion had statistically significantly greater
metastatic output than tumors grown in wildtype mice with TAM depletion, as well as tumors grown in TNF-a’
" mice both with and without TAM depletion. No other cohort was different from another.

Taken together, these data suggest that in the E0771 model of metastatic breast cancer TAMs influence
collagen structure (Figure 7, columns 1 and 2 are different), and that host TNF-a influences collagen structure
(Figure 7, columns 1 and 3 are different). Furthermore it suggests that TAMs influence collagen structure
through TNF-a expression, that there are no other significant parallel mechanisms by which TAMs act, and that
there are no other significant host cell types utilizing TNF-a to influence collagen structure (Figure 7, columns
2, 3, and 4 are the same). However there are some hints that TAMs may also use a minor parallel pathway to
influence collagen ordering independent of TNF-a (Figure 5, columns 2 and 3 are different, and more
importantly Figure 6, columns 3 and 4 are different). In each case, alterations in Ol correlate with alterations in
metastatic output, suggesting that Ol affects metastatic ability, or that the two phenomena have a common root
cause.



Figures

Figure 1: EQ771 breast cancer cells do not produce
significant TNF-o in vitro. By comparison, unstimulated
RAW264.7, a transformed murine macrophage cell line,
produces easily detectable TNF-a both when unstimulated
and upon activation with 100 ng/mL LPS for 24 hours.
Furthermore, cells separated from EO771 tumors using
magnetic antibodies against CD11b (a surface marker for
cells of myeloid origin and presumably including TAMs)
also produced significant levels of TNF-a in vitro. ELISA
sensitivity 5.1 pg/mL, n = 8 samples for all but
E0771/CD11b+, where n = 5. Both control (media only)
and EO771 supernatants registered below sensitivity (not
detectable).

Figure 2: TNF-a is present in EO771 tumors grown in
C57BI/6 mice, but not mice lacking TNF-a indicating the
EQ771 cell line does not alter its TNF-o expression
capability in vivo. TNF-a levels quantified by ELISA as in
Figure 1. Total protein levels quantified by BCA assay (n
=7 per group). TNF-a sensitivity 5.1 pg/mL, and TNF-a (-
/-) lysates registered below sensitivity (not detectable).

Figure 3: EQ0771 does not respond by proliferating or
apoptosing to TNF-a in vitro. Proliferation presented as
fluorescent intensity standardized to media-only control
samples, n = 10 per group. Pairwise comparisons indicate
T47D proliferation is significantly (p<.01) elevated by 20
ng/mL TNF-o at 48 hours, while MCF-7 experiences
significant (p<.05) decreases in proliferation at the same
dose over the same time course. EO0771 shows no
significant alteration in proliferation in response to this
dose over this time course.

Figure 4: Proliferation of macrophages in vitro is
significantly and specifically impeded by ClodL therapy
relative to control PBSL therapy, but proliferation of
fibroblasts and cancer cells is unaffected. Fluorescent
intensities were standardized to the 0 mg/mL (media alone)
condition for each group to account for differences in
proliferative rate inherent in cell type. At all levels of
ClodL, HFF-1 fibroblasts and EQ771 breast cancer cells
were unaffected and proliferated at a rate equivalent to
those in PBSL, or in media alone. Only in the case of
RAW264.7 macrophages did ClodL exert an anti-
proliferative effect relative to PBSL controls, and did so in
a roughly dose-dependent manner (n=8 each).




Figure 5: Effects of macrophage depletion and TNF-o
deletion on SHG in the EQ771 tumor. Average brightness of
SHG-producing fibers declines as a result of TAM depletion,
but not of TNF-o absence (p<.0001 and p=.3122
respectively). However, there is a high interaction between
variables (p=.0004). A main effect is noticed (p<.0001). n =
21, 16, 15, and 15 from left. When Bonferroni post-hoc
analysis is conducted, wildtype/PBSL mice show
significantly elevated SHG compared to other groups, and
wt/clodl treated tumors differ from TNF-a knockouts treated
with PBS (p<.05). Note that SHG is sensitive to collagen
structure and content, suggesting we should normalize for
content separately with immunofluorescence (see Figure 7).

Figure 6: Effects of macrophage depletion and TNF-a
deletion on collagen immunofluorescence (IF) in the EQ771
tumor. Presence of tumor collagen as defined by average
brightness of IF fibers increases as a result of both TAM
depletion and TNF-a absence (p<.0001 both). However,
there is a high interaction between variables (p=.04). A main
effect is noticed (p<.0001). n =21, 16, 15, and 15 from left.
When Bonferroni  post-hoc analysis is conducted,
wildtype/PBSL mice show significantly decreased total
collagen presence compared to other groups, and TNF-a
knockouts treated with PBS differ from those treated with
clodl (p<.05).

Figure 7: Effects of macrophage depletion and TNF-a
deletion on collagen 1 structure relative to total collagen |
presence in the EQ771 tumor (Ol). Both TAM depletion and
TNF-o. absence significantly decrease Ol (p<.0001 and
p=.0130 respectively). Again, a high interaction is present
(p=.0027) and a main effect is noticed (p<.0001). Bonferroni
post-hoc analysis shows wildtype/PBSL mice show
significantly elevated Ol relative to other treatment groups,
but no other effects (p<.05).

Figure 8: Lung metastatic burden decreases sharply with
both macrophage depletion and TNF-a deletion. TAM
depletion in wildtype mice results in significantly lower
metastatic burden (p<.001) relative to control, whereas this
effect disappears in TNF-a-deficient mice. Again, a high
interaction is present (p=.0007) and a main effect is noticed
(p<.0001). Bonferroni post-hoc analysis suggests that
removing TNF-a results in significant (p<.001) decrease in
metastatic events, as does depletion of TAMSs, but that
depletion of TAMs AND TNF-a causes no further decrease
in metastatic burden (p>.05).




Key Research Accomplishments in the second year:
Used clodronate liposomes to ablate tumor associated macrophages in vivo, verified ablation, and found that
this ablation affected the collagen ordering index (Ol) as well as metastatic output.

Used clodronate liposomes to ablate tumor associated macrophages in vivo, in the presence and absence of
TNF-a, and determined that this ablation also affected collagen ordering as well as metastatic output in a
manner that indicated macrophage expression of TNF-a was the mechanism whereby Ol was altered.

Reportable Outcomes:

Over the past year | published three papers based upon work funded all or in part by this award (note that
Sullivan et al was reported last year as “Manuscript Submitted”):

Perry S, Norman J, Barbieri J, Brown E, Gelbard H. (2011) Mitochondrial membrane potential probes and
the proton gradient: a practical usage guide. BioTechniques. 50(2): 98-115 [PMC3115691]

Sullivan K, Brown E. (2011) Diffusion and multi-photon fluorescence recovery after photobleaching in
bounded systems. Physical Review E. 83(5): 051916 [http://link.aps.org/doi/10.1103/PhysReVE.83.051916]

Madden K, Szpunar M, Brown E. (2011) R-adrenergic receptors regulate VEGF and IL-6 production by
divergent pathways in high 3-AR-expressing breast cancer cell lines. In Press, Breast Cancer Research and
Treatment. [PMC3126869]

I have also submitted one manuscript based upon work funded in whole or in part by this grant, and it is
appended to this document:

Burke R, Madden K, Perry S, Zettel M, Brown E. (2011) Tumor-associated macrophages and stromal TNF-
a play central roles in the regulation of collagen structure in breast tumor models as visualized by second
harmonic generation. Manuscript Submitted.

Conclusion
In conclusion, I believe that | have made significant progress on the goals outlined in my Era of Hope Scholar
Research Award.
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Abstract

Introduction: Collagen | fibers that are visible with second harmonic generation (SHG) are
associated with efficient tumor cell locomotion, and preferential locomotion along these fibers
correlates with a more aggressively metastatic phenotype. Through mechanisms that are not yet well
understood, macrophages are able to manipulate the structure of collagen fibers in the developing
murine breast with SHG as a readout of collagen fiber structure, without affecting the total amount of
collagen present as quantified by immunofluorescence (IF). Tumor-associated macrophage (TAM)
infiltration in breast tumors correlates with poor prognosis and increased likelihood of metastasis in the
clinic, making TAMs an interesting and accessible therapeutic target. Furthermore, TAMs are known to
produce tumor necrosis factor alpha (TNF-a), which has differential effects on breast cancer cells and
stromal fibroblasts, and treatments known to affect macrophage cytokine production have likewise
been shown to affect tumor SHG. Taken together, these facts suggest TAMs and stromal expression of
TNF-a may play a role in collagen organization in the tumor. Methods: We compared SHG and IF
signals from tumors grown in mice with and without TNF-q,, in the presence or absence of TAMs.
Results were compared with t-tests and ANOVA as appropriate. Results: Using liposome-encapsulated
clodronate to specifically deplete TAMs, we show for the first time that modulation of TAM presence
alters tumor collagen fibrillar structure on a molecular level as quantified by SHG and IF. This alteration
in structure correlates with a decrease in lung metastases. Furthermore, we show that abrogation of
TNF-a expression by tumor stromal cells also alters fibrillar structure, and that subsequent modulation
of TAM presence has no effect on these signals. In each case, metastatic burden again correlates with
optical readouts of collagen structure. Conclusions: Our results implicate TAMs and stromal TNF-a. as a

regulator of collagen structure in the metastatic breast tumor, and suggest that this structure may in



turn play a role in tumor metastasis. These findings represent a novel mechanistic role by which TAMs
exert tumor- and- metastasis-promoting effects in vivo to complement and amplify their already-

characterized immunological functions.

Keywords

Breast cancer, collagen type I, second harmonic generation, immunofluorescence, tumor-associated
macrophage, tumor necrosis factor alpha, multiphoton microscopy, metastasis.



Introduction

SHG is defined as the nonabsorptive combination of two excitation photons into one emission
photon of exactly half the wavelength and twice the energy of the individual incoming photons[1, 2].
SHG is a coherent phenomenon (the scatterers produce emission waves exhibiting a constant phase
relationship), and as such is dependent on the ordering of the individual scatterers [3]. For example,
scatterers oriented in regular rows in parallel can produce significant constructive and destructive
interference in certain directions, while a randomly positioned assortment of scatterers would produce
minimal net constructive or destructive interference. In the tumor, SHG is produced primarily by fibrillar
collagen and the scatterers are the individual collagen triple helices. These helices are bundled together
end-to-end and side-by-side into fibrils, which are in turn bundled into generally regularly spaced arrays
producing the collagen fiber. As a result of the coherent nature of SHG emission, the SHG detected from
a given fiber is influenced by the amount of collagen triple helices in the focal volume as well as the

diameter of the fibrils, their spacing, and the degree of order versus disorder in their packing [2, 4, 5].

Collagen | fibers that produce significant detectable SHG have been noted in breast tumor
models as pathways of improved tumor cell locomotion [6, 7]. This efficient, biased movement along
SHG-producing fibers contrasts strongly with the random walk exhibited by cells moving independently
of the fibers, and also positively correlates with increased metastatic behavior [8, 9]. This prometastatic
role is enhanced by a tendency of SHG-producing fibers to orient themselves radially within tumors,
extending outward to and through the tumor-host interface [8]. The areas where these fibers cross the
interface has been shown to be associated with tumor cells intravasating into healthy tissue, one step in
metastasis to distant organs [8]. Based upon these observations, as well as the demonstration that

therapeutic alteration of the tumor collagenous matrix (as quantified with SHG) led to an alteration in



drug transport within the tumor, we hope to dissect the cells and signals responsible for the
manipulation of collagen fiber structure, using SHG as a readout [3]. This may in turn lead to novel

therapeutic targets to manipulate the matrix and hence alter metastatic output and/or drug delivery.

To distinguish changes in fiber structure from altered collagen concentration (which are both of
interest), we will compare SHG emission signal to signal from collagen | immunofluorescence. The SHG
signal from a given focal point in a multiphoton laser-scanning microscope is sensitive to collagen fiber
structure, including fibril diameter, spacing, and internal order versus disorder, as well as collagen
content in the focal volume, while IF relies on epitope recognition and therefore yields information as to
the total number of accessible epitopes present in the focal volume. We will therefore define the ratio
of SHG to IF as an “ordering index”, or Ol. Changes in the Ol can then be interpreted as changes
primarily in collagen fiber structure, distinct from the total collagen content, and the Ol can be
determined readily on a pixel-by-pixel basis using simultaneous image capture in two color channels
(Supplemental Figure 1). We can then observe systemic changes in collagen | structure by calculating
the average Ol over entire images taken in animals that have undergone a response to putative
structure-modulating stimuli. These changes may be occurring throughout the tumor stroma (globally)
or in localized areas of interest surrounding features implicated in metastasis such as blood vessels or
the tumor/host interface. Note that changes in Ol of a pixel from a given fiber indicate local changes in
the microscopic structure of that fiber, perhaps due to alterations in fibril diameter, spacing, or order vs.
disorder within the fiber. But they do not indicate changes in macroscopic fiber orientation (for example
with respect to the tumor/host interface), its alignment with other distant fibers outside the focal

volume, or other macroscopic structural changes.

Breast tumors are not composed solely of tumor cells, but also host cell types including

hematopoietic and stromal cells of which up to approximately 50% may be macrophages [10, 11].



Leukocyte infiltration in the breast tumor, originally thought to simply indicate an anti-tumor response,
has been recognized as far more complicated. While T cell infiltration and the presence of M1-polarized
(classically activated) macrophages indicate anti-tumor activity, M2-polarized (alternatively activated)
macrophage infiltration is now recognized as a crucial factor in promotion of tumor growth and spread
by production of signals beneficial to the tumor cells’ survival and proliferation [10, 12]. Clinical data
indicate that high densities of leukocyte infiltration, particularly M2-polarized macrophage invasion,
correlate with poor clinical prognosis and increased instance of metastatic disease [13, 14]. M2-
polarized macrophages play a role in resolution of inflammation via high endocytic clearance and
synthesis of growth factors, as well as reduced pro-inflammatory cytokine secretion. TAMs are uniquely
suited to tumorigenic promotion — they produce a wide variety of growth factors, cytokines, matrix-
altering enzymes, and chemokines that coordinate to assist in matrix remodeling and improved
angiogenesis, both requirements for successful tumor growth [10]. Hence we have identified the TAM as

a promising candidate for a cell that manipulates collagen structure.

The identification of the TAM as a candidate cell that manipulates collagen structure is
supported by one key recent study, in which mice deficient in colony stimulating factor one (CSF-1, a
protein essential to macrophage proliferation, survival, and chemotactic recruitment) showed marked
alterations in terminal end bud formation in the mammary duct [15]. Abortive development of the end
bud was noted, as well as a steep decrease in the SHG in focal volumes around the mammary duct.
Curiously enough, the total amount of collagen present as detected by IF was unaffected. This
represents a decrease in Ol accompanying the loss of macrophages in the breast bud area represents
and identifies macrophages as a cell type capable of affecting Ol. A previous study showed that upon
treatment with the hormone relaxin, soft tissue sarcomas respond by altering collagen | structure with
SHG intensity as a readout[3]. Relaxin binds specifically to macrophage glucocorticoid receptors, which

results in alterations in macrophage cytokine expression panels [16]. The binding of relaxin to



glucocorticoid receptors results in negative modulation of TNF-a expression by macrophages in vitro
[17]. Hence we have identified TAMs as candidate cells, and TNF-a signaling as a candidate signaling

molecule to manipulate the Ol.

Evidence for TNF-a signaling affecting collagen and the cells that are able to produce and
organize it is widespread. On a genetic level, TNF-a is able to induce COX-2 promoter activation via
upregulation of p300 binding and p50 acetylation in human foreskin fibroblasts, which is an important
step in inflammation, angiogenesis, and tumor promotion [18-20]. Interestingly, TNF-a is also shown by
recent in vivo literature to be essential to primary growth and metastatic progression in Lewis lung

carcinoma [21].

We therefore hypothesize that TAMs can affect collagen fiber structure in tumors, as measured
by the Ol, and that this is accomplished through TAM expression of TNF-a.. To test this hypothesis, we
grew a breast tumor cell line (E0771, a mammary adenocarcinoma derived from C57BI/6 mice) in both
wildtype mice and mice incapable of expressing TNF-a.. Additionally, in both types of mice TAM
presence was modulated by periodic injections of clodronate-containing liposomes (ClodL)[22]. Ol and
metastatic burden were evaluated, and we show for the first time that expression of TNF-a by the host
stromal cells of the tumor affect collagen structure (as measured by Ol), that TAMs affect collagen
structure in tumors, and that the influence of TAMs and stromal TNF-a. expression is not additive. We
also show that these effects on collagen structure each correlate with a significant decrease in
metastatic events, and hence that these results may provide a platform for therapies that manipulate

collagen structure and thereby impact the metastatic output of the tumor.

Materials and Methods

Cells and Reagents



A murine medullary mammary adenocarcinoma syngeneic with C57BIl/6 mice (E0771, Roswell
Park Cancer Institute, Buffalo, NY) was maintained in RPMI 1640 medium (Gibco/Invitrogen, Carlsbad,
CA) supplemented with 10% gamma-irradiated fetal calf serum (HyClone/Thermo-Fisher, Waltham, MA)
and Primocin (InvivoGen, San Diego, CA). Cells were passaged no more than five times before being
replaced with frozen stocks. Upon harvest with .25% trypsin/EDTA, cells were centrifuged and
resuspended in sterile PBS pending implantation. T47D and MCF-7 human breast cancer cell lines
(American Type Culture Collection, Manassas, VA) were also cultured in RPMI 1640 medium for
comparative use in in vitro proliferation assays. RAW264.7 transformed murine macrophages (ATCC)
were used as a positive control for TNF-a. production and were cultured in DMEM supplemented with
4.5 g/L glucose, 10% FCS, and Primocin. All lines were tested for mycoplasma contamination bi-monthly
using MycoFluor detection kit (Invitrogen, Carlsbad, CA) and only certified mycoplasma-free cultures

were used for implantation.

Magnetic Separation

E0771 tumors grown in mammary fat pads were finely minced, washed with RPMI 1640, then shaken in
medium supplemented with 0.5 mg/ml of collagenase type D (Sigma-Aldrich, St. Louis, MO) at 37°C for
180 minutes. The cell dispersion was passed through metal mesh (100-um window) and centrifuged
three times with RPMI 1640 at 200xg for 10 minutes each. Cells were then labeled with anti-CD11b
antibody conjugated to magnetic beads (Miltenyi Biotec, Auburn, CA). To harvest CD11b" cells,
suspensions were applied to a type LS positive selection column with MidiMACS (Miltenyi Biotec)
according to manufacturer instructions. Selected cells were cultured to approximately 70% confluence

in DMEM supplemented with 10% FCS and Primocin.

Animals and Husbandry



C578BI/6 female mice (Jackson Laboratories, Bar Harbor, ME) were used between 15 and 19
weeks of age. Mice were housed in standard two-way static (non-ventilated) conditions in groups of
five, and were allowed ad libitum access to standard food and water. To determine the effects of global
deletion of TNF-a., female B6.129S—Tnf’"16k’/1 (Jackson Labs) mice were used between 15-19 weeks of
age, and housed as above. C57BI/6 animals represent a valid control genotype for this knockout. All

animal work was done in accordance with University Committee for Animal Resources regulations.

Tumor Implantation and Liposome Administration

Animals were anesthetized with a ketamine/xylazine mixture (90/9 mg/kg body weight)
delivered intraperitoneally. The ventral surface of the animal was depilated and 1x10° E0771 cells were
implanted in the right inguinal mammary fat pad using a 27-gauge needle. Four hours following this
procedure, mice were administered a dose of either PBS- or clodronate-containing liposomes (Encapsula
NanoSciences, Nashville, TN) from 5 mg/mL stock solution via the intraperitoneal route using a 27-gauge
needle to a concentration of 2 mg/20 g body weight on Day 0 [22]. This intraperitoneal injection was
performed every third day at 1 mg/ 20 g body weight. A measure of the long and short axis of each
tumor was made during this time with digital calipers, with tumor volume being calculated using the
formula for a prolate spheroid (V = (4/3)nNL.). This was determined to best approximate the shape of
the average EOQ771 tumor, as it has been observed to grow preferentially along the injection track. On
Day 27 post-implantation, animals were sacrificed by intraperitoneal injection of sodium pentothial and
subsequent cervical dislocation. Half the tumor was snap-frozen in dry ice pending sectioning and
immunohistochemistry. The other half was placed in cell culture media pending flow cytometric

analysis. Lungs were placed in 10% neutral-buffered formalin for H&E staining.

Flow Cytometry



Tumor halves were finely minced, washed with RPMI 1640, strained through a 70 um mesh filter
to remove debris and centrifuged two times. 2 mL RPMI 1640 was added and the cells were vortexed.
200 pL of this suspension was removed and added to 1 mL RPMI 1640. Cells (2x10°) were incubated at
4°C for 15 minutes in ACK buffer to lyse red blood cells, centrifuged to remove ACK buffer, and
resuspended in flow wash buffer consisting of 1% BSA and .25% sodium azide in sterile PBS. Cells were
blocked using anti-mouse CD16/CD32 antibody (BD Pharmingen, Franklin Lakes, NJ), then were
resuspended in buffer containing either: 1) autofluorescence - buffer only; 2) isotype controls — 1:50
peridinin chlorophyll-conjugated rat IgG,, (BD Pharmingen, Franklin Lakes, NJ), or 3) experimental
samples - a 1:50 dilution of FITC-conjugated rat (IgG.,) anti-mouse F4/80 (Abcam, Cambridge, MA). Cells
were incubated in the dark for 30 minutes at 4°C. Cells were then centrifuged and resuspended in flow
wash buffer twice. Cells were stored in 4% paraformaldehyde in the dark pending flow sorting using a

FACSAria flow cytometer (BD Biosciences, Franklin Lakes, NJ) equipped with FlowDiVa software.

ELISAs and Sample Preparation

A Quantikine enzyme-linked immunosorbent assay (ELISA) kit specific to mouse TNF-o. (R&D
Systems, Minneapolis. MN) with a sensitivity of 5.1 pg/mL was employed to measure TNF-a. in cell
culture supernatants and tumor lysates. To prepare cell culture supernatants, cells were grown to 70%
confluence in a T-75 tissue culture flask, then media was removed and replaced with reduced serum
media for 48 hours. This media was removed, centrifuged, and immediately assayed following the
manufacturer’s instructions. Tumor lysates were prepared by homogenization of excised tumor tissue in
RIPA buffer containing sodium deoxycholate and HALT protease/phosphatase inhibitor (Pierce Protein
Research, Rockford, IL). Lysates were then centrifuged at 18,000xg for 10 minutes and assayed per
manufacturer’s instructions. To determine total protein concentration in these lysates for
standardization purposes, a bicinchoninic acid (BCA) assay was employed (Pierce Protein Research) in

which samples were diluted 1:20 in RIPA buffer in 96-well plates, then incubated with the working



reagents for 2 hours and compared to standards prepared per manufacturer specifications. To
determine TNF-a levels, a plate reader (BioTek, Burlington, VT) equipped with Gen5 software measuring
absorbance at 450 and 570 nm was used to generate standard curves and sample concentrations. To

determine total protein levels, absorbance at 562 nm was measured.

Proliferation Assays

In vitro proliferation was determined with the use of a CyQuant Cell Proliferation Assay
(Molecular Probes/Invitrogen, Carlsbad, CA) following manufacturer’s instructions. Specifically, a plate
reader (BioTek) exciting bound dye at 480 nm and detecting at 520 nm was used to generate values for

nuclear (DNA) fluorescence in octuplicate.

Immunohistochemistry

Snap-frozen tumor halves were sectioned at 7 um on a cryostat (Reichert-Jung, Depew, NY) at -
21°C and static-mounted on positively charged slides (VWR). Sections were mounted such that each
slide contained at least four sections from each of the four genotype/therapy groups in an attempt to
minimize possible staining artifacts between samples. Sections were fixed in a 3:1 mixture of
acetone/methanol for 20 minutes at -20°C. Slides were rehydrated twice in sterile PBS for 5 minutes,
then placed in peroxidase blocking solution (5% BSA, .2% Triton-X100) for one hour, followed by two 5
minute PBS washes. Sections were incubated at room temperature in a humidified chamber with a
solution of PBS containing .5% BSA and combinations of the following antibodies: 1) rabbit anti-mouse
collagen | (Abcam, Cambridge, MA), 1:200 dilution; 2) FITC-conjugated rat IgG,, anti-mouse CD31 (BD
Pharmingen, Franklin Lakes, NJ), 1:500 dilution); or 3) FITC-conjugated rat IgG,, anti-mouse F4/80, 1:50
dilution. To detect rabbit anti-mouse collagen I, sections were then washed as before and incubated for
two hours in AlexaFluor 594-conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA), 1:500 dilution.

To assure optimal binding to all accessible epitopes, serial dilutions of collagen | antibody were



accomplished to determine optimal concentration for antibody binding and peak fluorescence. Slides
were then washed and coverslipped in Prolong Gold AntiFade without DAPI (Invitrogen, Carlsbad, CA)
and allowed to dry 24 hours before imaging. Automated H&E staining (Dako, Carpinteria, CA) was

performed on 3 um rotary microtome sections of paraffin-embedded lungs.

Evaluation of Metastatic Burden

H&E-stained lung sections were obtained at every 50 um through the lung and evaluated by a
blinded observer using a light microscope (Olympus BX-51, Center Valley, PA) set to brightfield.
Metastatic cells were identified by several criteria: high ratio of hematoxylin relative to eosin,
surrounding abnormalities in lung structure, abnormal shape/size of nuclei and/or presence of abnormal
mitotic spindles, and differences in cell shape and size. Presence of a single cell was quantified as a
metastatic event, and results are presented as averages of metastatic number in ten sections of lung per

animal.

Imaging and Image Analysis

Slides were imaged by a blinded observer using a custom-built two-photon microscope
(Olympus). Two-photon excitation was provided by a MaiTai Ti:sapphire laser providing 100 fs pulses at
80 MHz and 810 nm. Beam scanning and image acquisition were performed with a Fluoview FV300
scanning system interfaced with a BX61WI upright microscope (Olympus, Center Valley, PA). The
focusing objective is a UMPLFL20XW water immersion lens (20x, 0.5 N.A., Olympus, Center Valley, PA).
The objective was used to focus the excitation beam on the sample and at the same time collect both
backscattered SHG signal and the two-photon excitation fluorescence from the antibodies of interest.
The backscattered SHG signal and two-photon fluorescence were separated from the excitation beam by
a dichroic mirror (670 DCSX, Chroma, Rockingham, VT) and the resultant beam was passed through

another dichroic mirror to differentiate into separate channels of SHG and two-photon fluorescence



(475 DCSX, Chroma, Rockingham, VT). SHG was collected with a band pass filter centered at 405 nm
(HQ405/30m-2P, Chroma, Rockingham, VT) and detected by a photomultiplier tube (HC125-02
Hamamatsu Corporation, Hamamatsu, Japan). The two-photon excitation fluorescence signal was
collected with either a band pass filter centered at 530 nm (HQ530/30m-2P, Chroma, Rockingham, VT)
or a bandpass filter centered at 635 nm (HQ635/30m-2P, Chroma, Rockingham, VT). For the 635 nm
filter case, the PMT used is more red-sensitive (Hamamatsu HC125-01) and the emission signal passed
through two filters before being detected by the second PMT, the second filter being a short pass filter
(Chroma E700SP-2P) that is used to block residual effects from the 810 nm excitation beam. Resulting
images are 680 microns across. Laser power was monitored and kept constant throughout the
experiment and across experimental repetitions, as was the voltage across PMTs.

Image analysis was performed as follows. In ImageJ (Rasband, W.S., ImagelJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2011), the background
was defined by the average pixel counts of an image with no excitation laser, and subtracted from the
raw SHG and IF images. Then each image was thresholded by a blinded observer to set collagen fiber
pixels to 1 and any remaining dim background pixels to zero, producing an “SHG mask” and an “IF
mask”. The SHG image was multiplied by the SHG mask, producing the “masked SHG image”, and the IF
image was multiplied by the IF mask to produce the “masked IF image”. The average pixel count of the
masked SHG image, divided by the average pixel count of the SHG mask, is then the average pixel count
of those pixels above threshold, i.e. within collagen fibers. Likewise with the masked IF image. The
average SHG pixel count, IF pixel count, and their ratio, of those pixels within collagen fibers is then

reported as the images’ SHG, IF, and Ol, respectively.

Statistical Analysis
Statistical analysis was performed using Prism 5 software (GraphPad, La Jolla, CA). Student’s (unpaired)

t-tests were employed to make pairwise comparisons where appropriate. For multiple groups, if a



significant main effect was found, one-way ANOVA was used with Bonferroni post-tests to adjust for
multiple comparisons. To analyze differential effects of macrophage depletion and TNF-a absence on
SHG, IF, and Ol, two-way ANOVA was used with Bonferroni post-tests to adjust for multiple
comparisons. Growth curves for tumors were assessed by one-way ANOVA with repeated measures,
with Bonferroni post-hoc analysis. Probability values (p) less than or equal to .05 were considered

significant differences between groups.

Results

E0771 does not produce significant TNF-«a nor proliferate in response to it in
culture or in animal models

Pilot experimentation was required to determine the answers to two key issues: 1) the
presence or absence (and importance) of autocrine TNF-a production by the E0771 tumor, and 2) the
response of EO771 to TNF-a in the microenvironment. To determine the levels of TNF-a produced by
E0771 cells in culture, a sandwich ELISA kit was employed to assay cell culture supernatants. E0771 cells
at 75% confluence did not produce measurable TNF-a (less than 5.1 pg/mL) in culture (Figure 1). To
activate RAW264.7 cells, lipopolysaccharide (LPS, E. coli serotype 026:B6, Sigma-Aldrich, St. Louis, MO)
was added to media at 100 ng/mL for 24 hours prior to assaying for TNF-o.. RAW 264.7 macrophages
were assayed in both normal and LPS-activated conditions, and showed significant levels of TNF-a.
production in culture, suggesting that any detectable TNF-a production in the tumor environment is
likely to originate in the host cells, and specifically in macrophages (which may account for up to half of
the mass of the solid tumor) [11]. To confirm this, macrophages isolated from E0771 tumors using
magnetic antibody separation targeted to CD11b (a myeloid marker) showed the ability to produce TNF-
o at significant levels in culture. To further examine this, EO771 tumors were grown in both wildtype

and TNF-o “? animals. TNF-a. was present in significantly higher quantities in wildtype-derived tumors



as opposed to those tumors grown in TNF-a 7 mice, where levels were again undetectable (below 5.1
pg/mL, Figure 2). Taken together, these results suggest that the E0771 cell line is not a source of TNF-
a. production in vitro or in vivo, and that EO771-associated macrophages, as expected, are a primary

source of this signal in vivo.

After eliminating tumor cell TNF-a. production from EQ771 as a possible source of signaling, the
proliferative response of E0771 to TNF-a was determined using a fluorescent DNA-binding dye kit
(CyQuant). This was prompted by the fact that in a different mouse model of breast cancer (T47D), TNF-
o was shown to directly promote mitogenic signaling by binding to TNFR1 and activating p42/p44 MAPK,
INK, PI3-K/Akt pathways and NF-kB transcriptional activation [23]. Furthermore, in that model,
application of TNF-a supported tumor growth, and selective small molecule inhibition of NF-kB activity
resulted in tumor regression. Conversely, TNF-a induced apoptosis in MCF-7 breast cancer cells in vitro
[24]. To determine the response of EQ771 cells to TNF-a, we incubated cells for 48 hours in either
control media or media containing 20 ng/mL TNF-a (Figure 3). TNF-a did not significantly alter
proliferation of EO771, in direct contrast to the human breast tumor cell line T47D, which showed a
marked increase in proliferation in response to 20 ng/mL TNF-a., as found in the literature [23].
Furthermore, MCF-7 cells exposed to this level of TNF-a exhibited significant reduction in proliferation,
also as found in the literature [24]. Therefore, TNF-a. does not significantly stimulate EQ771 proliferation

nor significantly inhibit its growth.

Evaluation of ClodL on E0771 Proliferation In Vitro

To determine whether clodronate liposome (ClodL) therapies directly alter E0771 cell or stromal
fibroblast viability, we compared the effects of ClodL therapy on these cell types in vitro. ClodL therapy

markedly inhibited the survival of the RAW264.7 transformed murine macrophage cell line in a dose-



dependent manner, while having no effect relative to PBSL therapy in HFF-1 human foreskin fibroblasts

nor E0771 breast cancer cells at equivalent concentrations as determined by CyQuant assay (Figure 4).

Evaluation of ClodL on TAM Depletion In Vivo

TAM depletion efficiency as quantified by flow cytometry using FITC-conjugated antibody
against F4/80 indicates that mice exposed to ClodL experience 97.5 + 6.4 % depletion of F4/80" cells in

the wildtype cohort and 96.4 £ 11.7 % depletion in the TNF-0.”"~ cohort (Figure 5).

Effects of TAM Depletion and TNF-a Abrogation on SHG

TAM depletion and TNF-a knockout both alter the intensity of SHG-producing fibers in the
E0771 tumor (Figure 6a). Two-way analysis of variance shows a strong main effect of TAM depletion
(p<.0001) with no main effect resulting from TNF-a. knockout (p=.3122). However, the variables strongly
interact (p=.0004), making further analysis necessary. A one-way analysis of variance indicates a main
effect of treatment on SHG (p<.0001), and Bonferroni post-hoc analysis shows that wildtype/PBSL mice
show significantly (p<.05) elevated SHG relative to all other groups. TNF-a“/?/PBSL mice also show
elevated SHG relative to wildtype/ClodL mice (p<.05), but not relative to TNF—OL('/')/CIodL mice. Both
groups of ClodL-treated mice exhibit statistically equivalent levels of SHG (p>.05). From these analyses,
we can determine that growth in the presence of TAM depletion results in a significant decrease in SHG
in EO771 tumors, as does growth during attenuation of stromal TNF-a,, but to a lesser extent.
Furthermore, in the absence of TAMs, depletion of TNF-a has no further effect on SHG while in the

absence of TNF-a, depletion of TAMs has no further effect

Effects of TAM Depletion and TNF-a Abrogation on IF



SHG is dependent upon collagen content as well as fiber structure. Therefore, in order to
normalize the SHG intensity to the total amount of collagen | present, we must first quantify collagen
content with IF. TAM depletion and stromal TNF-a knockout both alter detected collagen | fiber IF in
the E0771 tumor (Figure 6b). Two-way analysis of variance shows a strong main effect of both TAM
depletion and TNF-a. knockout (both p<.0001). The variables again show a significant degree of
interaction (p=.04), making further analysis necessary. A one-way analysis of variance indicates a main
effect of treatment on IF (p<.0001), and Bonferroni post-hoc analysis shows that wildtype/PBSL mice
show significantly reduced IF values compared to all three remaining groups (p<.05). Furthermore,
though IF signal in tumors grown in wildtype/ClodL mice is statistically equivalent to that of both TNF-a
knockout groups (p>.05), tumors grown in TNF-a”? /PBSL mice exhibit less IF than do tumors grown in
TNF-o”"/ClodL mice (p<.05). We therefore conclude that growth in the presence of TAM depletion
results in a significant increase in IF in EO771 tumors, as does growth during attenuation of stromal TNF-
a, to the same extent. Furthermore, in the absence of TAMs, depletion of stromal TNF-o. has no further

effect on IF. However, in the absence of stromal TNF-a, depletion of TAMs further increases IF.

Effects of TAM Depletion and TNF-a Abrogation on Ol

Division of the SHG signal by the IF signal produces the order index (Ol), which is primarily
sensitive to changes in fibrillar structure, such as fibril diameter, spacing, and order vs disorder in
fibrillar packing [1-5]. Two-way analysis of variance shows a strong main effect of both TAM depletion
and stromal TNF-a. knockout (p<.0001 and p=.013 respectively) on Ol (Figure 6c). The variables again
show a significant degree of interaction (p=.0027), making further analysis necessary. A one-way
analysis of variance indicates a main effect of treatment upon Ol (p<.0001), and Bonferroni post-hoc
analysis shows that wildtype/PBSL mice have significantly elevated Ol relative to the three remaining
groups (p<.05). However, none of the three remaining groups exhibit significant differences between

their mean Ol values (p>.05).



Metastatic burden correlates negatively with both TAM presence and TNF-«
expression

To ascertain a possible relationship between modulations in Ol and modulations in metastatic
burden, lungs were resected, sectioned, and stained with hematoxylin and eosin, then imaged to
determine the extent of metastasis (Figure 7 and Supplemental Figure 2). E0771 readily metastasizes to
the lung from the primary site, and therefore makes an excellent candidate for such studies [25]. Two-
way analysis of variance shows a strong main effect of both TAM depletion and lack of TNF-a. on
metastatic burden (p=.0006 and p<.0001 respectively. The degree of interaction is again significant
(p=.0007), making further analysis necessary. A one-way analysis of variance indicates a main effect of
treatment upon the incidence of metastasis (p<.0001) and Bonferroni post-hoc analysis shows that
while wildtype/PBSL mice exhibit significantly (p<.05) higher metastatic burden than any of the other
groups, the other three groups do not show distinguishably different metastatic burdens (p>.05). We
conclude that both TAM depletion and TNF-a knockout result in significant decreases in metastatic

events, and that these decreases correlate well with Ol values in the EO771 tumor.

Evaluation of ClodL on E0771 Proliferation In Vivo

To determine whether EO771 tumors in vivo show alterations in multiplicity (volume
standardized to volume at Day 3 post-injection) in response to the presence or absence of TNF-a. and/or
macrophages, tumors implanted in either C57BI/6 wildtype or TNF-o “) mice and exposed to PBS or
ClodL treatment were measured over the course of 27 days of tumor growth (Figure 8). Wildtype mice
exposed to PBSL therapy bore significantly larger tumors (p<.05) at 27 days compared to any other

group (p<.05) while the other three groups did not show distinguishably different tumor sizes (p>.05).

Discussion



In this set of studies we elucidated a novel mechanistic role for tumor associated macrophages
and stromal cell expression of TNF-a in the evolution of collagen structure during tumor growth and an
influence this may have on metastasis, in a murine model of breast cancer. In doing so, we made use of
the E0771 murine mammary adenocarcinoma, a metastatic cell line syngeneic with the C57BI/6 mouse.

The choice of this cell line was predicated on the availability of the knockout strain B6.129S-Tnh miGkly

which is incapable of expressing TNF-a.. We first established that the E0771 tumor model does not
produce TNF-q, is nonresponsive to TNF-a, and that it also does not have an intrinsic cellular response
to liposome-encapsulated clodronate therapies that target TAMs. Next, we established that these

therapies are able to alter the structure of collagen | fibers (as measured by the Ol) and metastatic

burden.

Taken together, our Ol data suggest that in the E0771 model of metastatic breast cancer, TAMs
influence collagen structure (Fig. 6¢, columns 1 and 2 are different), and that stromal TNF-a influences
collagen structure (Fig. 6¢, columns 1 and 3 are different). This suggests three main models: A) TAMs
and TNF-a. influence Ol independently, B) TNF-a influences Ol via its action on TAMs, and C) TAMs
influence Ol via expression of TNF-a.. Model A is unlikely because in the absence of TAMs modulation of
TNF-a has no further effect on Ol (Fig. 6¢, 2 and 4 are the same) and in the absence of TNF-a.
modulation of TAMs has no further effect on Ol (Fig. 6¢, 3 and 4 are the same). However, Models B and
C are consistent with our observations, and can be further refined. If TNF-a influences Ol via action on
TAMs (Model B), our data further suggests that TNF-a. acts only via TAMs because in the absence of
TAMs modulation of TNF-a. has no further effect on Ol (Fig. 6¢, 2 and 4 are the same). Furthermore, in
that model our data also suggests that no other molecule is constructively stimulating TAMs to influence
Ol because in the absence of TNF-a modulation of TAMs has no further effect on Ol (Fig. 6¢, 3 and 4 are

the same). Lastly, if TAMs influence Ol via their expression of TNF-a (Model C), our data suggests that



TAM s influence collagen structure primarily through their TNF-o expression and not via other
mechanisms because in the absence of TNF-a modulation of TAMs has no further effect on Ol (Fig. 6c, 3
and 4 are the same). Furthermore, in that model our data also suggests that there are no other
significant host cell types utilizing TNF-a. to influence collagen structure because in the absence of TAMs
modulation of TNF-a has no further effect on Ol (Fig. 6¢, 2 and 4 are the same). Ongoing studies are

aimed at determining whether these interpretations hold up in similar experimental model systems.

In addition to these primary observations, there are two secondary observations: TAM presence
was able to modulate IF in the absence of stromal TNF-a (Fig. 6b, 3 and 4 are different) and attenuation
of TAM presence produced a greater SHG reduction than attenuation of stromal TNF-o. (Fig. 6a, 2 and 3
are different). In Model B (TNF-a. operates via TAMs) these two observations imply that there may be
other less significant mechanisms, in parallel with TNF-a, which induce TAMs to influence collagen
structure. In Model C (TAMs operate via TNF-a.), these two observations imply that there may be other
less significant mechanisms by which TAMs affect tumor collagen in addition to their expression of TNF-
a. However, note that the observation that attenuation of TAM presence produced a greater SHG
reduction than the attenuation of stromal TNF-a is based upon quantitative comparison of the results of
two very different experimental manipulations (TAM depletion vs TNF-a. knockout) and may simply be a

result of different efficiencies in the two methods.

Note that when macrophage recruitment is specifically disabled in developing mouse mammary
tissue, the structure of collagen fibers but not their total amount, as measured by SHG and IF, is altered
with negative consequence to normal maturation [15]. Interestingly, in contrast to our observations,
this study noted a similar decrease in SHG, but without any elevation in IF. This may be due to myriad
structural differences between normal and diseased mammary fat pad — in particular, the well-

documented ability of cancer cells to produce stimuli inducing fibroblasts to transition to a more active



myofibroblast phenotype, with one consequence being elevated levels of collagen production[26].
Additionally, this may simply be due to differences in antibody-epitope binding between two different

model systems.

Our observations that TAMs and stromal TNF-a play a role in altering tumor collagen structure
as quantified by the Ol are consistent with established roles for both in modulating tumor stroma.
Autocrine TNF-a signaling has been noted as necessary to induce high levels of expression of monocyte
MMP-9, a gelatinase that is active on basement membrane, via the transcription factor Egr-1[27-30].
TNF-a has also been shown to sharply increase MMP-14 levels in concert with CCL4, a C-C chemokine, in
a monocytic human cell line [31]. MMP-14 is able to subsequently activate MMP-2, another gelatinase
capable of degrading basement membrane. However, note that the nonfibrillar collagens in basement
membrane do not generate SHG and were not studied here. Importantly, both direct application of
TNF-a and indirect production of it through LPS stimulation of macrophages have been shown to
upregulate MMP-1a, -1b, -3, and -13 in rat synovia, and these MMPs can directly affect the fibrillar

collagen responsible for SHG signal [32].

Our demonstration of a novel role for TAMs and TNF-a in manipulating collagen structure in the
tumor extracellular matrix naturally leads us to ask: what are the possible consequences of this
manipulation? As discussed above, there is ample evidence in the literature that collagen structure, as
qguantified with SHG, influences tumor metastasis, including evidence that efficient tumor cell
locomotion through the tumor is favored by the presence of SHG-producing fibers, and that this
locomotion along SHG+ fibers correlates with metastatic output [1, 7-9]. Consistent with this, our data
demonstrates that alterations in collagen structure as quantified by the Ol correlated with alterations in

metastatic output (Figs. 6¢c and 7), for in each case wildtype mice treated with PBSL had significantly



greater Ol and metastatic output than all other treatment groups, and all other treatment groups were

not statistically significantly different from each other.

The link between TAMs, stromal TNF-a, and metastatic output in this tumor model is consistent
with recent observations that myeloid cells, of which TAMs are an exemplar, have specifically been
implicated as a necessity for the formation of Lewis lung carcinoma metastasis, and their expression of
TNF-a was shown to be essential to establishment and growth of the primary tumor and its subsequent
metastasis[21]. However, while our observations establishes an interesting link between TAMs, stromal
TNF-a, and metastatic output in this tumor model, it does not prove that the metastatic effects are
transduced via collagen fiber structure itself, and it may be other effects of TAMs and stromal TNF-a.
expression that assist in the induction of alterations in metastatic output. For example, our data also
demonstrates that tumor growth is correlated with Ol, and in turn with metastatic burden (Figs. 6c, 7,
and 8). Hence TAMs and stromal TNF-a may instead influence tumor growth via alterations in collagen
matrix structure (note that TNF-a. does not directly affect EO771 proliferation in vitro), and the altered
metastatic output may be a result of the different tumor burden. Or all three effects (Ol, tumor growth,
and metastatic output) may share a common cause but operate via independent mechanisms (for
example TNF-a has also been shown to increase migration in human chondrosarcoma cells in vitro by
upregulating a3 integrin expression through the activation of the MEK/ERK/NF-kB signaling pathway

(33]).

Conclusions

In summary, we show for the first time that TAMs as well as stromal TNF-o expression are

responsible for significant alterations in the structure of collagen | fibers within the metastatic breast

tumor (as indicated by the Ol). We further demonstrate that this effect is implemented either via TAM



expression of TNF-a or stromal TNF-a. action on TAMs, and that parallel pathways via other cell types or
other cytokines are considerably less significant. Lastly, we show that the effects of TAMs and stromal
TNF-a on tumor collagen structure is correlated with effects on metastatic output, consistent with

previous literature connecting SHG and metastatic output, but that a causal connection is not proven.

Discovering a key role for tumor-associated macrophages and stromal TNF-a in influencing the
structural properties of tumor collagen, as measured by SHG, is interesting because of the previously
observed effects of these SHG-producing fibers on metastasis of the primary breast tumor, as well as the
previously observed relationship between SHG signal and drug transport in tumors [1, 3, 7-9]. These
findings suggest that manipulation of SHG measures of collagen structure may in turn manipulate the

transport of drugs through tumor tissue, as well as manipulate metastatic output of tumors.
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Figure Legends

Figure 1: E0771 breast cancer cells do not produce significant TNF-¢ in vitro.

By comparison, unstimulated RAW264.7, a transformed murine macrophage cell line, produces easily
detectable TNF-a. both when unstimulated and upon activation with 100 ng/mL LPS for 24 hours.
Furthermore, cells separated from EQ771 tumors using magnetic antibodies against CD11b (a surface
marker for cells of myeloid origin and presumably including TAMs) also produced significant levels of
TNF-a. in vitro. ELISA sensitivity 5.1 pg/mL, n = 8 samples for all but E0771/CD11b*, where n = 5. Both
control (media only) and E0771 supernatants registered below sensitivity (not detectable).

Figure 2: The E0771 cell line does not alter its TNF- expression capability in vivo.

TNF-a is present in EO771 tumors grown in C57BI/6 mice, but not mice lacking TNF-a. TNF-a levels
quantified by ELISA as in Figure 1. Total protein levels quantified by BCA assay (n =7 per group). TNF-a
sensitivity 5.1 pg/mL, and TNF-o'”” lysates registered below sensitivity (not detectable).

Figure 3: E0771 does not respond by proliferating or apoptosing to TNF-« in vitro.

Proliferation of cells from all three lines (T47D, MCF-7, and EQ771) treated with TNF-a is presented as
fluorescent intensity of CyQuant DNA-binding dye standardized to the level of CyQuant fluorescence
yielded by proliferation of an equal number of cells in untreated media, n = 10 per group. Pairwise
comparisons indicate T47D proliferation is significantly (p<.01) elevated by 20 ng/mL TNF-a at 48 hours,
while MCF-7 experiences significant (p<.05) decreases in proliferation at the same dose over the same
time course. E0771 shows no significant alteration in proliferation in response to this dose over this
time course.

Figure 4: Proliferation of macrophages in vitro is significantly and specifically impeded by ClodL
therapy.

As in Figure 3, fluorescent intensities were standardized to the 0 mg/mL (media alone) condition for
each group to account for differences in proliferative rate inherent to cell type. At all levels of ClodL,
HFF-1 fibroblasts and EQ771 breast cancer cells were unaffected and proliferated at a rate equivalent to
those in PBSL, or in media alone, indicating that under these conditions ClodL is minimally active on
these cell types. Only in the case of RAW264.7 macrophages did ClodL exert an anti-proliferative effect
relative to PBSL controls, and did so in a roughly dose-dependent manner (n=8 each data point, p<.05 all
points). The proliferation of RAW264.7 macrophages also was unaffected by PBSL therapy.

Figure 5: ClodL therapy strongly depletes F4/80° TAMs in both wildtype mice and those lacking TNF-c..



Flow cytometry indicates that EO771 tumors grown in wildtype mice and TNF-a."”? mice are partially
comprised of TAMs that are sensitive to ClodL depletion. n =21 wt/PBSL, 16 wt/ClodL, 15 TNF-o'?
/PBSL, and 15 TNF-o'? /ClodL. These data also indicate that TNF-o'”? animals do not exhibit baseline
deficiencies in TAM recruitment to the tumor under control (PBSL) conditions relative to wildtype
animals (p=.3496).

Figure 6A: Effects of macrophage depletion and TNF-a absence on SHG in the E0771 tumor.

The average brightness of SHG-producing fibers in tumors in wildtype/PBSL mice show significant
elevation compared to other groups (p<.05), and tumors in wildtype/clodl mice show significantly
decreased SHG compared to TNF-a “?/PBSL tumors (p<.05). No other group was different from another
(p>.05). n =21 wt/PBSL, 16 wt/ClodL, 15 TNF-a""? /PBSL, and 15 TNF-a."”? /ClodL.

Figure 6B: Effects of macrophage depletion and TNF-«a absence on collagen IF in the EO771 tumor.

The average IF brightness of fibers in tumors in wildtype/PBSL mice shows a significant decrease
compared to all other groups (p<.05). Tumors in TNF-a"?/PBSL mice show significantly decreased IF
compared to TNF-a”/ClodL tumors. No other group was different from another (p>.05).

Figure 6C: Effects of macrophage depletion and TNF-o absence on collagen | structure relative to total
collagen |.

Tumors grown in wildtype/PBSL mice show significantly elevated Ol relative to other treatment groups
(p<.05). No other group was different from another (p>.05).

Figure 7: Lung metastatic burden decreases sharply with both macrophage depletion and TNF-«
absence.

Tumors grown in wildtype/PBSL mice show significantly elevated metastatic output across ten sections
of lung relative to other treatment groups (p<.05). No other group was different from another (p>.05).
n =21 wt/PBSL, 16 wt/ClodL, 15 TNF-a”? /PBSL, and 15 TNF-a.""” /ClodL.

Figure 8: E0771 multiplicity decreases with TAM depletion or TNF- absence, but the effects are not
synergistic.

Tumor growth was measured by standardizing to tumor size at Day 3 (multiplicity) to minimize the
possibility that slightly different numbers of cells may be injected even at constant injection volumes.
Tumors grown in wildtype mice on PBSL therapy (n=21) are significantly larger than those grown in
wildtype mice on ClodL therapy (n=16), at 27 days, as well as those grown in mice lacking TNF-o and
exposed to either PBSL or ClodL (p<.05, n=15 both) at 27 days. None of the other three groups are
different from each other (p>.05). No significant differences in multiplicity exist at earlier timepoints.

Supplementary Figure 1: Visualizing collagen | with SHG and IF.



This multiphoton microscope image is a composite of SHG (blue) and collagen | IF (red). Note that
certain areas of a given fiber exhibit higher levels of SHG, and certain areas exhibit higher areas of IF,
indicating that a given collagen fiber is structured differently at different areas along its length.

Supplementary Figure 2: Visualizing metastases with H&E staining.

This brightfield image of an E0771 metastasis in the lung of a wildtype C57BI/6 female mouse clearly
shows the hallmarks of separating cancer cells from normal lung cells: high ratio of hematoxylin
(blue/violet) relative to eosin (magenta/red), surrounding abnormalities in lung structure, abnormal
shape/size of nuclei and/or presence of abnormal mitotic spindles, and differences in cell shape and
size.
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